In the present study, we tested the congruence between the sdY sex-specific marker and other commonly used male markers, located on the Y-chromosome, with the sex phenotypes in 5 species of Pacific salmon in Asian waters, including Chinook, chum, sockeye, masu, and pink salmon. We found that the localization of the sex-specific marker of both males and females of these species is not consistent with the phenotypic sex. Also, no linkage was found between noncoding markers and the sdY gene in the same species samples. Possible genetic and physiological mechanisms underlying this discrepancy are discussed.
Endocrine control of sex differentiation is a complex interaction between the brain and the gonads through the hypophysis-produced gonadotropins and steroid hormones synthesized in gonadal cells (Devlin and Nagahama 2002) . Sex formation is controlled at many levels and includes biochemical, physiological, and neuro-humoral paths, which lead to flexibility in gonadal development, as individuals interact with internal and external environmental factors (Baroiller et al. 1999; Devlin and Nagahama 2002) . In most cases, this complex multilevel system begins in the early stages of the animal development by the activation of a few genes and these events are primary and critical trigger moments. In most vertebrates, sex is determined by the presence of the master-gene encoded on the Y-chromosome (Devlin and Nagahama 2002) .
In mammals, formation of the male phenotype is determined by heterogamy of individuals having the XY-chromosome system. Presence and activation of a primary master-gene sry in the Y-chromosome start a cascade of the biochemical reactions resulting in the male phenotype formation (Haqq et al. 1993) . In birds, females are most often heterogametic with the WZ-chromosome number whereas males are homogametic (ZZ). Experimental evidence indicates that in this case sex determination depends on a master-gene dosage (Smith et al. 2009 ).
In fishes, sex structure formation is the most interesting and intricate question, with a wide variety of the reproduction types and sex-determining genetic mechanisms (Devlin and Nagahama 2002; Volff et al. 2007; Mank and Avise 2009; Brykov 2014) . Structure and expression of genes involved in sex determination and differentiation in fishes have been poorly known. Until recently, the dmrt1 (dmy) sex-determining gene has been identified in only one fish species, medaka Oryzias latipes, which has a XX/XY sex-determination chromosome system (Nanda et al. 2002; Kondo et al. 2006) .
All Pacific salmon in the genus Oncorhynchus are characterized by heterogametic sex determination. At the same time, these species, except sockeye salmon (Oncorhynchus nerka), have no morphologically differentiated Y-chromosome (Devlin and Nagahama 2002; Phillips et al. 2005) . In recent years, DNA sequences on the Y chromosome linked with the sex-determining gene have been discovered in most species of genus Oncorhynchus. Several minisatellite markers (OtY1, OtY2, and OtY3) were found on the Y-chromosome of Chinook salmon (Oncorhynchus tshawytscha) (Devlin et al. 1991; Brunelli and Thorgaard 2004) . The pseudogene of the growth hormone GH-Ψ (Du et al. 1993) was also found in the Y-chromosome of masu salmon (Oncorhynchus masou), and sequences with an unknown function OtY2-WSU were found in Chinook, coho (Oncorhynchus kisutsch), and sockeye (O. nerka) salmon (Brunelli and Thorgaard 2004) .
The polymerase chain reaction (PCR) amplification of these specific markers can be used to test for the presence of sex-linkage markers on an individual's Y chromosome (genetic male), or absence of the sequence on the Y-chromosome (genetic female). Generally, the presence or absence of a sex-specific molecular marker is congruent with the sex phenotypic characters in most investigated species. The presence of these markers among species denotes similarity or identity of the mechanism underlying genetic sex-determination in salmon. However, several studies have shown incongruence between molecular markers and sex identified by morphological and phenotypic characters, and these incongruences raise doubt about the use of these markers for sex identification in salmonids (Nagler et al. 2001; May 2002, 2005; Williamson et al. 2008; Chowen and Nagler 2004; Brykov et al. 2010а, 2010b .
A sex-determining sdY gene has recently been isolated in the rainbow trout (Oncorhynchus mykiss) Y-chromosome (Yano et al. 2012 ). This coding sequence, composed of 4 exons, was highly conserved in 15 salmonids, including such Pacific salmon as Chinook and masu salmon and rainbow trout. In some cases, incongruence between phenotypic and genetic sex in Chinook salmon was explained as an arte fact, but finding the sdY gene in both females and males of 2 species of family Coregoninae was postulated as a possible alternative system of the sex-determination (Yano et al. 2013) . At the same time, a recent analysis of the sdY sex-determining gene in wild Chinook salmon populations revealed a modest level of incongruence between phenotypic and genetic sex in females (Cavileer et al. 2015) . It was also shown that parts of the sdY gene-positive Chinook salmon females were also positive for the OtY1 and GH-Ψ markers (Cavileer et al. 2015) .
The purpose of this study was to investigate the congruences between commonly used molecular markers of the Y-chromosome and phenotypic sex characters in Asiatic populations of 5 Pacific salmonid species: Chinook, chum, sockeye, masu, and pink (Oncorhynchus gorbuscha) salmon.
Materials and Methods

Sample Collection
We used total DNA from 5 species of the genus Oncorhynchus. Sample collection and extraction methods appear in Brykov et al. (2010a Brykov et al. ( , 2010b . Specimens that were positive or negative for sexlinked markers were selected from the collection of male and female Chinook salmon: OkeGHY, GH5-GH6, and OtY2-WSU; chum salmon: OkeGHY; sockeye salmon: OtY2-WSU; masu salmon: GH5-GH6 and GHΨ, and pink salmon: OkeGHY (Brykov et al. 2010a (Brykov et al. , 2010b . The DNA extractions from pink salmon were added from the sampling in Manuy River (Sakhalin Island). The data collection on the congruence between male-specific markers (including the results of the sdY-gene analysis) of Y-chromosome and phenotypic sex characters of 5 species are listed in Table 1 .
PCR Amplification
Molecular sex-identification was performed using multiplex PCR with primers for sequences linked to the Y-chromosome sdY gene and primers for the18S rRNA gene as a positive control of amplification. The following primer pair E2S1 CCCAGCACTGTTTTCTTGTCTCA and E2AS4 CTTAAAACCACTCCACCCTCCAT was used for the amplification of the sdY gene sequences. The amplification conditions with minor modifications and the primer sequences are described in Yano et al. (2013) . The results of the sdY-marker analysis in males and females of 5 species of the genus Oncorhynchus were compared with the same samples previously analyzed by noncoding sex-linked sequences (Brykov et al. 2010a (Brykov et al. , 2010b .
DNA Sequencing
Purified amplification products were directly sequenced in both directions with an ABI Prism 3130 using the standard protocol Bayes back ground interfaces in Geneious R 8.1. The mutation model K80 (K2P) was selected on the basis of the ML test (on AIC criterion) for the NJ and ML tree building. The NJ and ML trees were generated by running 1000 bootstrap replicates based on TBR algorithm for branch swapping. For the construction of the Bayesian trees (BI) and calculating of posterior probabilities (PP), we used the model HKY85+G with the following MCMC parameters: 2 × 10 6 generations, sampling every 100 generations and 18 000 selected trees. Figure 1 shows a salmonid phylogenetic tree, which was based on partial sequences of the sdY-coding regions (2 exons, 177 bp) in 5 species of the genus Oncorhynchus and on 12 sequences from other salmonids (GenBank). The sdY sequences were identical among individuals within species, including sdY sequences in phenotypic females. Only one transversion in the coding region of these sequences was observed in a marker-positive sockeye salmon female. Figure 2 illustrates the results of the multiplex PCR analysis of the sex-linked sdY marker and the positive control of 18S gene for Asian populations of 5 species of Oncorhynchus spp. In this case, the sequence was found both in the male and female genomes of species of the genus Oncorhynchus. The analysis included individuals with and without congruence between molecular markers and phenotype. As illustrated in the figure, not all phenotypic males of Chinook, chum, sockeye, and masu salmon contained the sdY gene fragment, whereas some phenotypic females contained this fragment.
Results
The results of the sdY-marker analysis were entirely consistent with data for other markers, including OkeGHY, GH5-GH6, and OtY2-WSU in Chinook salmon; OkeGHY in chum salmon, and OtY2-WSU in sockeye salmon. The presence or absence of the molecular markers GH5-GH6 and GHΨ on Y-chromosome was congruent with sex phenotype in the masu salmon males, but was not congruent for sdY, which is not found in masu salmon females (Figure 2d, e) . In contrast, the presence or absence of the markers OkeGHY and sdY was congruent in pink-salmon females but not in the pink-salmon males; the sdY fragment was present in all males (Figure 2f, g ). 
Discussion
Our previous studies of Asian populations Oncorhynchus spp. revealed incongruences between Y-chromosome molecular markers and morphobiologic characters in Chinook, chum, sockeye, masu, and pink salmon (Brykov et al. 2010a (Brykov et al. , 2010b . In the present study, comparative analysis of the amplified sequences in Oncorhynchus spp. revealed high homologies (97.7-100%) with sequences previously identified as sdY (Yano et al. 2012 (Yano et al. , 2013 . On the whole, the phylogenetic tree of divergence of this sequence is consistent with previous phylogenetic trees for these species (Yano et al. 2013; Cavileer et al. 2015) . Comparative analysis of the nucleotide sequences (Figure 1 ) showed high homologies with sequences previously analyzed species in Yano et al. (2013) and confirms that the region we amplified contained the sdY gene, if present, in a species or individual.
Shortly after this gene had been described, several exceptions were observed in some species. For example, the sdY/sex locus was found in one Chinook salmon female and in females of 2 species of Coregonid fishes (C. lavaretus and C. clupeaformis), but was absent in one male of Salvelinus namaycush (Yano et al. 2013) . A later study of 3 populations of Chinook salmon revealed not only that all phenotypic males, but also some phenotypic females contained the sdY sequence (Cavileer et al. 2015) .
In the present study, females bearing the sdY marker were observed in all species (Table 1) . The presence of this marker in 4 species (Chinook, chum, sockeye, and pink salmon) with sdY-positive females was congruent with the presence of other noncoding markers of the Y chromosome; that is, complete congruence was observed (Figure 2a, b, f, g ). However, there was no sdY marker congruence with the GH5-GH6 and GH-Ψ markers in masu salmon females (Figure 2d, e) .
The lack of congruence between molecular markers and morphobiological characters in some species is well known. To explain this phenomenon, translocations of sex-defining markers on autosomal or X-chromosomes have been proposed as a mechanism of these variable effects (Williamson et al. 2005 (Williamson et al. , 2008 . A more recent study has shown that some phenotypic females not only had noncoding markers, but also a putative sdY master-gene (Cavileer et al. 2015) . In these cases, deletions in the regions adjacent to the first exon of sdY gene appeared to switch off the expression of the sex-determining gene in some Chinook salmon females. Nevertheless, the remaining sdY-positive Chinook salmon females had the 4 complete exons of this gene, and these individuals also had other Y-specific markers such as OtY1and GH-Ψ in their genomes (Cavileer et al. 2015) .
However, these findings do not explain differences in the effects of coding and noncoding genetic markers. Our results show complete congruency between the noncoding markers OkeGHY, GH5 -GH6, and OtY2-WSU and the sdY marker in sdY-positive females of Chinook, chum, sockeye, and pink salmon, but no congruence in masu salmon females and pink salmon males (Figure 2d-g ). These results indicate that in some cases the sdY-coding marker and other noncoding markers on the Y-chromosome were not associated with each other and were located in the different linkage groups.
Support for the transposition of both the master-gene and other sex-specific noncoding Y chromosome-related sequences comes from the finding of transposable elements (TE) along the Y-chromosome. TEs have been demonstrated in medaka (Orizyas latipus) (Herpin et al. 2010 ) and salmonids (Faber-Hammond et al. 2015) .
The influence of sex-linked genetic markers on physiological characteristics and vitality is poorly known. Yamamoto and Kitanishi (2012) found that the masu salmon females with the malespecific growth hormone pseudogene (GHp) grew more slowly than females without this marker. In another study, the survival rate of the GH-Ψ-bearing females was higher than that in normal females (Yamamoto and Kitanishi 2016) .
In constrast to pink salmon males, males in 4 of the species that we investigated did not have the sdY molecular marker (Figure 2a-d) . The existence of phenotypic males without the Y-specific sequence (i.e., genetic females) may be due to one or more mutations in the PCR primer sites, to marker fragment deletions, or to the loss of DNA segments from unequal chromosomal crossing-over during replication (Zhang et al. 2001) . It has been known that phenotypic males without sex-determining markers (i.e., genetic females) are less common than the marker-positive phenotypic females (i.e., genetic males) (Nagler et al. 2001; Williamson and May 2002; Chowen and Nagler 2004; Brykov et al. 2010a Brykov et al. , 2010b . This difference between sexes may be due to different survival rates at various life-history stages, from juveniles to mature adults, among GH-Ψ-negative males and GH-Ψ-positive females. Males without sex-markers at the juvenile stage occur with relatively higher frequency than in adult males without these markers, which are found much more rarely (Yamamoto and Kitanishi 2016) .
The incongruence between molecular markers and sex phenotypes may arise from several mechanisms. One may be physiological changes that result from chromosomal dynamics, for example, from sex-chromosome inversions (Zhang et al. 2001 ). Sex development Figure 2 . Electrophoresis of multiplex PCR products in 2% agarose gel. Sexspecific sdY and 18S (positive amplification control) fragments of genomic DNA samples in males and females of 5 Asian Oncorhynchus species (a-d, f); congruence both males and females were found with OkeGHY, GH5-GH6, and OtY2-WSU in the same data in Chinook (a), chum (b), and sockeye salmon (c) ( Table 1) ; (e) cherry salmon genomic DNA with GH-Ψ primers; (g) pink salmon genomic DNA with OkeGHY primers. (+/−) sdY fragment presence or absence in the genomic DNA of male and female. and the phenotypic sex ratio in a fish population can also be influenced by exogenous environmental factors (Ospina-Alvarez and Piferrer 2008; Wedekind et al. 2013) . Some hormonal pollutants, for example, estrogens, attach to cell receptors and can block molecular paths of sex development in males, leading to the development of the female phenotype (Devlin and Nagahama 2002) .
Temperature variability can also influence genetically determined physiologic processes of sex development. As was previously shown, manipulation with the incubation temperature in the embryonic period of sockeye salmon resulted in the masculinization of genetic females, increasing the proportion of phenotypic males up to 62-84% (Craig et al. 1996) . The downward phenotypic female trend with increasing fertilization and incubation temperature has been also observed in rainbow trout (O. mykiss) (Cole et al. 2013) .
It was previously assumed that the incongruence between sex morphological characteristics and Y-chromosome molecular markers associated with the sex inversion can have adaptive significance for the population and the species as a whole (Brykov et al. 2008) . The increase in feminization of the individuals (males with the XX genotype) in the population as a result of effect of internal and external factors in the spawning period or anthropogenic influence can cause an increase in proportion of the genetic and phenotypic females in the future generations. As a consequence, an increase in the reproductive potential of a population can be expected (Brykov et al. 2008 (Brykov et al. , 2010а, 2010b .
In conclusion, our findings demonstrate that the instability of sex-determining and sex-linked sequences appears to be typical for all species of Pacific salmon. All species include some individuals in which the localizations of these markers are inconsistent with morphobiological characteristics. The instability of sex-determining markers appears to be widespread in fishes, as evidenced by frequent observations of translocations of sex-determining genes along chromosomes, changes in the chromosomes controlling sex determination, and even changes in the sex-determination systems over short evolutionary periods (Tanaka et al. 2007; Volff et al. 2007; Mank and Avise 2009; Brykov 2014) . These observations may be explained by the presence of a "full-time" mechanism of transpositions localized on the Y-chromosome (Herpin et al. 2010; Faber-Hammond et al. 2015) .
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